IL-13 dysregulation plays a critical role in the pathogenesis of a variety of inflammatory and remodeling diseases. In these settings, STAT6 is believed to be the canonical signaling molecule mediating the tissue effects of IL-13. Signaling cascades involving MAPKs have been linked to inflammation and remodeling. We hypothesized that MAPKs play critical roles in effector responses induced by IL-13 in the lung. We found that Tg IL-13 expression in the lung led to potent activation of ERK1/2 but not JNK1/2 or p38. ERK1/2 activation also occurred in mice with null mutations of STAT6. Systemic administration of the MAPK/ERK kinase 1 (MEK1) inhibitor PD98059 or use of Tg mice in which a dominant-negative MEK1 construct was expressed inhibited IL-13-induced inflammation and alveolar remodeling. There were associated decreases in IL-13-induced chemokines (MIP-1a/CCL-3, MIP-1b/CCL-4, MIP-2/CXCL-1, RANTES/CCL-5), MMP-2, -9, -12, and -14, and cathepsin B and increased levels of a1-antitrypsin. IL-13-induced tissue and molecular responses were noted that were equally and differentially dependent on ERK1/2 and STAT6 signaling. Thus, ERK1/2 is activated by IL-13 in the lung in a STAT6-independent manner where it contributes to IL-13-induced inflammation and remodeling and is required for optimal IL-13 stimulation of specific chemokines and proteases as well as the inhibition of specific antiproteases. ERK1/2 regulators may be useful in the treatment of IL-13-induced diseases and disorders.
Introduction IL-13 is a pleiotropic 12-kDa cytokine product of a gene on chromosome 5 at q31 that is 1 of the major effector molecules at sites of Th2 inflammation and remodeling (1, 2) . Studies from our laboratory and others have used overexpression Tg modeling and other approaches to define the effector properties of IL-13. These studies demonstrated that IL-13 is a potent stimulator of eosinophil-, lymphocyte-, and macrophage-rich inflammation, mucus metaplasia, tissue fibrosis, and parenchymal proteolysis (2) (3) (4) (5) (6) . In the lung, IL-13 induces asthma-like airway hyperresponsiveness after methacholine challenge (5, 7) . In accord with these findings, IL-13 dysregulation is thought to play an important role in the pathogenesis of a variety of diseases, including asthma, pulmonary and hepatic fibrosis, fungal pneumonitis, viral pneumonia, nodular sclerosing Hodgkin disease, and chronic obstructive pulmonary disease (4, 5, (8) (9) (10) (11) . In all of these cases, activation of the STAT6 signal transduction pathway is believed to mediate the biologic effects of IL-13 (7, (12) (13) (14) . However, the possibility that other signal transduction pathways also contribute to IL-13-induced tissue responses has not been adequately addressed.
MAPKs are a family of serine-threonine kinases that mediate the nuclear response of cells to a wide variety of extracellular stresses such as inflammatory cytokines, growth factors, UV light, and osmotic stress (15, 16) . MAPKs are divided into 3 major subfamilies: the ERKs, of which ERKs 1 and 2 are the most abundant in mammalian cells, the JNKs, and the p38 MAPKs (17) . Each MAPK is activated through dual phosphorylation via a specific upstream phosphorylation cascade. MAPKs have been implicated in the pathogenesis of asthma-like Th2 inflammation with chemical inhibition of ERK1/2 MAPK-reducing lung eosinophilia in ovalbumin-sensitized and -challenged rats and mice (18, 19) . MAPKs have also been implicated in IL-13-induced eotaxin production, IL-13 receptor regulation, mucus secretion, and 15 lipoxygenase stimulation in vitro (20) (21) (22) (23) (24) (25) . However, the role of MAPKs in mediating the biologic effects of IL-13 in vivo has not been investigated.
We hypothesized that activated MAPKs play an important role in the pathogenesis of IL-13-induced lung inflammation and remodeling. To test this hypothesis, we characterized lung MAPK activation in inducible and lung epithelial cell-specific, IL-13 overexpressing Tg mice (CC10-rtTA-IL-13) (CC10, Clara cell 10; rtTA, reverse tetracycline transactivator) and defined the effects of MAPK inactivation on the IL-13-induced tissue responses in these animals. These studies demonstrate that IL-13 is a potent and selective stimulator of ERK1/2 MAPK activation and that this activation occurs in the absence of STAT6. They also demonstrate that chemical and genetic interventions that selectively inactivate ERK1/2 significantly abrogate IL-13-induced inflammation and lung remodeling. In addition, these studies provide mechanistic insights by demonstrating that ERK1/2 MAPK activation is required for optimal IL-13 stimulation of chemokines (MIP-1a/ CCL-3, MIP-1b/CCL-4, MIP-2/CXCL-1, RANTES/CCL-5), MMP-2, -9, -12, and -14, and cathepsin B and IL-13 inhibition of b1-antitrypsin. Lastly, by comparing the effects of IL-13 in mice in which ERK1/2- or STAT6-mediated signaling responses were absent, we identified tissue and molecular effects of IL-13 that were equally and differentially dependent on STAT6 and ERK1/2.
Results

Effect of IL-13 on ERK1/2 MAPK. We first determined whether IL-13
activates MAPKs using CC10-rtTA-IL-13 mice in which the IL-13 Tg can be inducibly expressed in the adult murine lung by the administration of doxycycline-containing (dox-containing) water. As expected, increased levels of phospho-STAT6 were readily detected by Western blot analysis after Tg activation (Figure 1 ). Three major MAPK signaling pathways have been identified in mammalian systems: the ERK1/2, JNK1/2, and p38 pathways. After 24 hours of IL-13 induction, phosphorylation of ERK1 (p44) and ERK2 (p42) but not JNK1/2 or p38 MAPK was observed ( Figure 1 ). These studies demonstrate that, in addition to STAT6, ERK1/2 is also activated by IL-13 in vivo.
Role of STAT6 in IL-13-induced ERK1/2 MAPK activation. Studies were next undertaken to determine whether IL-13 activated ERK1/2 via STAT6-dependent or -independent pathways. To answer this question, we bred constitutive CC10-IL-13 Tg mice and inducible CC10-rtTA-IL-13 Tg with mice with homozygous null mutations of STAT6 and compared the effects of IL-13 in mice with wild-type and null STAT6 loci. As noted above, Tg IL-13 was a potent activator of ERK1/2 in mice with wild-type STAT6 loci in both Tg systems ( Figure 2, A and B) . STAT6 phosphorylation was present in IL-13 Tg + mice with wild-type STAT6 loci but absent in IL-13 Tg + mice with homozygous null mutations of STAT6, indicating appropriate STAT6 responses in these mice ( Figure 2, A and B) . Importantly, ERK1/2 phosphorylation was readily apparent in IL-13 Tg + mice with homozygous null mutations of STAT6 ( Figure 2, A and B) . This activation was comparable in magnitude to that seen in the IL-13 Tg + mice with wild-type STAT6 loci (Figure 2 ). Thus, IL-13 activation of ERK1/2 does not require functional STAT6.
Chemical and genetic manipulations of ERK1/2 MAPK. In order to define the role(s) of ERK1/2 in IL-13-induced tissue responses, chemical and genetic manipulations were undertaken. In the chemical intervention studies, we compared the effects of Tg IL-13 in mice treated with the MAPK/ERK kinase 1 (MEK1) inhibitor PD98059 (PD) or its vehicle control. We also bred CC10-rtTA-IL-13 Tg mice with CC10-dominant-negative MEK1 (CC10-dnMEK1) Tg mice. Because MEK1 is the dominant upstream kinase that activates ERK1/2, this allowed us to compare the effects of Tg IL-13 in mice in which the epithelial activation of ERK1/2 MAPK was specifically inhibited. In accord with our expectations, STAT6 and ERK1/2 phosphorylation were readily apparent in lungs from IL-13 Tg + mice that were treated with the vehicle control of PD and IL-13 Tg + mice that did not contain the dnMEK1 construct ( Figure 3, A and B) . In contrast, in PD-treated IL-13 Tg + mice and IL-13 Tg + mice that expressed dnMEK1, the ability of Tg IL-13 to phosphorylate ERK1/2 was abrogated while STAT6 phosphorylation was not altered (Figure 3, A and B) . In order to demonstrate that PD or dnMEK1 did not alter IL-13 levels in IL-13 Tg mice, we also quantified the levels of bronchoalveolar lavage (BAL) fluid IL-13. These studies demonstrated that BAL-fluid IL-13 levels were not significantly changed in PD-treated IL-13 + or IL-13 + /dnMEK1 + mice ( Figure 3C ).
Role of ERK1/2 MAPK in IL-13-induced inflammation. Studies were next undertaken to define the significance of ERK1/2 activation in IL-13-mediated inflammation. In these experiments, we first assessed the inflammation in BAL fluids and lung tissues from CC10-rtTA-IL-13 Tg + mice treated with PD or its vehicle control. As expected, BAL fluids from IL-13 + mice on dox water for 10 days exhibited significant increases in total eosinophil, lymphocyte, and macrophage recovery in BAL fluids ( Figure 4A ). ERK1/2 appeared to play an important role(s) in this response because PD-treated IL-13 Tg + mice manifested a significant decrease in BAL-fluid total cell recovery ( Figure 4A ). This was associated with a significant decrease in BAL-fluid eosinophils ( Figure 4A ). Significant decreases in neutrophil or lymphocyte recovery were not noted ( Figure 4A ). A marked decrease in BAL-fluid eosinophilia without significant changes in neutrophils or lymphocytes was also seen in IL-13 Tg + mice that expressed epithelial targeted dnMEK1 ( Figure 4B ). With both ERK1/2-based interventions, a similar decrease in lung-tissue eosinophilia was seen with antimajor basic protein (anti-MBP) immunostaining and morphometric eosino-
Figure 1
Effect of IL-13 on MAPK activation. Western blots for phosphorylated (p) STAT6, ERK1/2, JNK1/2, and p38 were performed on lung lysates from CC10-rtTA-IL-13 mice (IL-13 + ) fed dox water for 0 to 3 days. Antibodies against the relevant total protein were used to control for loading. Data are representative of n = 4 for each group. phil quantification ( Figure 4C ). Thus, these chemical and genetic interventions demonstrate that ERK1/2 plays an important role in IL-13-induced pulmonary eosinophilic inflammation.
Role of STAT6 in IL-13-induced inflammation. To further define the mechanisms of IL-13-induced inflammation, we also defined the inflammatory response in CC10-rtTA-IL-13 mice with null mutations of STAT6. In the absence of STAT6, BAL-fluid inflammatory cell recovery was decreased by approximately 65% ( Figure 5A ). This was associated with a significant decrease in BAL fluids and tissue eosinophilia ( Figure 5, A and B) . These decreases were comparable to those achieved with PD or dnMEK1 (Figure 4) . In contrast to the chemical and genetic ERK1/2-based interventions, however, decreases in BAL-fluid neutrophil and lymphocyte counts were seen in the absence of STAT6 ( Figure 5A ). These studies demonstrate that ERK1/2 and STAT6 have comparable effects on eosinophilic inflammation. They also highlight interesting differences in the roles of ERK1/2 and STAT6 in the pathogenesis of IL-13-induced neutrophil and lymphocyte accumulation.
Role of ERK1/2 MAPK in IL-13-induced chemokine elaboration. Previous studies from our laboratory demonstrated that IL-13 generates tissue inflammation by inducing a powerful chemokine response (6, 26) . Thus, studies were undertaken to determine whether the ERK1/2 pathway played an important role(s) in this inductive event. In accord with our previous studies (6, 26) , Tg IL-13 was a potent stimulator of a variety of chemokines, including MIP-1a/CCL-3, MIP-1b/CCL-4, MIP-2/CXCL-1, eotaxin/CCL-11, C10/CCL-6, MCP-1/ CCL-2, and RANTES/CCL-5 ( Figure 6 ). Interestingly, PD-treated IL-13 Tg + mice on dox water had lower levels of MIP-1a/CCL-3, MIP-1b/CCL-4, MIP-2/CXCL-1, and RANTES/CCL-5 mRNA and protein in comparison with mice treated with the vehicle control ( Figure 6 , A and C). This effect was at least partially chemokine specific because PD did not alter the induction of eotaxin/CCL-11, C10/CCL-6, or MCP-1/CCL-2 ( Figure 6 , A and C). Similarly, doxtreated IL-13 Tg + /dnMEK1 + mice also had significantly lower levels of MIP-1a/CCL-3, MIP-1b/CCL-4, MIP-2/CXCL-1, and RANTES/ CCL-5 and unchanged levels of eotaxin/CCL-11, C10/CCL-6, and MCP-1/CCL-2 mRNA and protein ( Figure 6 , B and D). These studies demonstrate that IL-13 stimulates pulmonary chemokines via ERK1/2-dependent and -independent pathways.
Role of STAT6 in IL-13-induced chemokine elaboration. To further define the pathways that IL-13 uses to stimulate chemokine responses, we compared the effects of IL-13 in CC10-rtTA-IL-13 mice with wild-type, ERK1/2-inhibited, and STAT6-null signaling pathways. In these evaluations, STAT6 deficiency caused a significant decrease in IL-13 stimulation of MIP-1a/CCL-3, MIP-1b/ CCL-4, and RANTES/CCL-5 ( Figure 7 , A and B). This inhibition was comparable to that seen in PD-treated or dnMEK1 mice ( Figure 6 ). In contrast to ERK1/2-manipulated animals, however, null mutations of STAT6 also significantly decreased the ability of IL-13 to stimulate eotaxin/CCL-11, MCP-1/CCL-2, and C10/CCL-6 mRNA and protein ( Figure 7 , A and B). As an additional contrast, null mutations of STAT6 did not alter IL-13 induction of MIP-2/ CXCL-1 ( Figure 7 , A and B) while PD treatment and dnMEK1 significantly decreased MIP-2/CXCL-1 mRNA and protein ( Figure 6 ). These studies demonstrate that IL-13-induced chemokine responses can be comparably dependent on ERK1/2 and STAT6 (MIP-1a/CCL-3, MIP-1b/CCL-4, and RANTES/CCL-5), largely dependent on STAT6 (eotaxin/CCL-11, MCP-1/CCL-2 and C10/ CCL-6), or largely dependent on ERK1/2 (MIP-2/CXCL-1).
Role of ERK1/2 MAPK activation in IL-13-induced tissue remodeling responses. IL-13 is a potent stimulator of pulmonary remodeling that
induces lung and alveolar enlargement as well as mucus metaplasia (4) (5) (6) 26) . In order to assess the importance of ERK1/2 activation in IL-13-induced remodeling, we defined the effects of chemical and genetic inhibition of ERK1/2 on these responses. In accord with our previous reports (4, 6, 26) , Tg IL-13 caused increases in lung volume, alveolar size, goblet cell number, and Gob-5, Muc-5ac, and Muc-1 gene expression in Tg + ERK1/2 MAPK-sufficient animals ( Figure 8 , A-H). Interestingly, PD administration decreased IL-13-induced alveolar remodeling responses. This was readily apparent in comparisons of the histologic appearance, lung volumes, and chord length measurements of IL-13 Tg + mice treated with PD or vehicle control (Figure 8 , A-C). In accord with these findings, the dnMEK1 construct also ameliorated these parameters of alveolar remodeling in IL-13 Tg + animals when we performed parallel studies in IL-13 + /dnMEK1 + mice (Figure 8, D-F) . In contrast, neither the chemical nor the genetic manipulations of ERK1/2 altered the IL-13-induced mucus responses (goblet cell hyperplasia, Gob-5, Muc-5ac, and Muc-1 gene expression and mucin secretion; Figure 8 , G and H, and data not shown). These studies demonstrate that ERK1/2 signaling plays an important role in the pathogenesis of selected aspects of the IL-13 remodeling response, with alveolar remodeling being at least partially ERK1/2 dependent and mucus metaplasia being largely ERK1/2 independent.
Role of STAT6 in IL-13-induced tissue remodeling. To gain additional insight into the mechanisms of IL-13-induced alveolar remodeling, the importance of STAT6 in these responses was also evaluated. As seen with the ERK1/2-based interventions, IL-13-induced alveolar remodeling was partially abrogated in the absence of STAT6 signaling ( Figure 9 , A-C). Interestingly, the amelioration that was seen with null mutations of STAT6 was comparable to that seen with ERK1/2-based interventions. In contrast, the ERK1/2- and STAT6-based interventions played very different roles in the IL-13-induced mucus responses. Unlike the ERK1/2 interventions, which did not alter these responses, IL-13-induced stimulation of goblet cell hyperplasia, Muc-5ac, and Gob-5 gene expression and mucin secretion was reduced in the absence of STAT6 (Figure 9, D-F) . In all cases, however, these effects were not complete, with modest IL-13-induced mucus and mucin responses being appreciated in the absence of STAT6 (Figure 9, D-F ). These studies demonstrate that IL-13-induced alveolar remodeling is dependent on ERK1/2 and STAT6 signaling. They also demonstrate that IL-13-induced mucus metaplasia is largely STAT6-dependent and ERK1/2-independent.
Role of ERK1/2 MAPK in IL-13 regulation of proteases and antiproteases. Our previous studies demonstrated that IL-13 causes
MMP- and cathepsin-dependent lung remodeling and inhibits the expression of a1-AT (4). Therefore, studies were undertaken to define the effects of PD and dnMEK1 on MMP, cathepsin, and a1-antitrypsin (a1-AT) expression in our modeling systems. In accord with our prior report (4), the levels of mRNA encoding MMP-2, -9, -12, and -14, cathepsin S, and cathepsin B were increased while the levels of mRNA encoding a1-AT were decreased in dox-treated CC10-rtTA-IL-13 Tg + mice compared with IL-13 Tg -control animals ( Figure 10 ). PD administration decreased the levels of mRNA encoding each of these MMPs and cathepsin B and increased the levels of mRNA encoding a1-AT in lungs from dox-treated Tg + mice ( Figure 10 , A and C). Consistent with these findings, the dnMEK1 construct also decreased the levels of expression of these MMPs and cathepsin B and increased the expression of a1-AT in lungs from Tg + but not Tg -animals. (Figure 10 , B and D). Neither ERK1/2 intervention, however, altered the expression of cathepsin S (Figure 10 ). Thus, these chemical and genetic studies demonstrate that IL-13 stimulates MMPs and cathepsins and inhibits a1-AT via pathways that are at least partially dependent on ERK1/2 signaling.
Role of STAT6 in IL-13 regulation of proteases and antiproteases. To clarify the pathways that IL-13 uses to regulate proteases and antiproteases, the importance of STAT6 in these molecular events was also evaluated. In accord with the ERK1/2 interventions, STAT6-null mutations also decreased the levels of mRNA encoding MMP-2, -9, -12, and -14 and cathepsin B and increased the levels of mRNA encoding a1-AT in lungs from dox-treated CC10-rtTA-IL-13 Tg mice ( Figure 11, A and B) . Interestingly, the contributions of the ERK1/2 and STAT6 pathways to these regulatory events were similar in some circumstances and different in others. Specifically, the ERK1/2- and STAT6-based interventions both decreased IL-13 induction of cathepsin B to a comparable degree (Figures 10 and 11) . As a quantitative contrast, PD and dnMEK1 decreased MMP-12 by approximately 50% whereas STAT6-null mutations diminished MMP-12 by approximately 80% as quantified by real-time RT-PCR ( Figure 11B ). Qualitative differences were also seen, with only STAT6 contributing to IL-13 induction of cathepsin S (Figure 11 ). Thus, ERK1/2 and STAT6 signaling both play important roles in IL-13 regulation of proteases and antiproteases in the murine lung. Discussion IL-13 is a powerful stimulator of inflammation and tissue remodeling and is a key effector cytokine at sites of Th2 inflammation. In these responses, IL-13 is purported to use the canonical STAT6 signaling pathway to mediate its tissue inflammatory and structural effects. This widely held belief is the result of the well-documented ability of IL-13 to activate STAT6 in a variety of tissues (20, 27) . In addition, studies from a number of laboratories have demonstrated that many of the effects of intratracheal IL-13 and Tg IL-13 are diminished in STAT6-null mice (7, 13, 14) . However, IL-13 can also activate MAPKs in cell lines in vitro (20, 22, 23) . These observations led us to hypothesize that IL-13 might also signal in vivo via MAPK-dependent pathways. To address this hypothesis, we took advantage of Tg systems established in our laboratory in which IL-13 can be selectively targeted to the murine lung (4) (5) (6) . The current studies demonstrate, we believe for the first time, that IL-13 is a potent and early stimulator of ERK1/2 MAPK. Our data also demonstrate that ERK1/2 activation is a proximal event in the IL-13 pathway that occurs in the absence of STAT6. Lastly, we demonstrate, using chemical and genetic approaches, that ERK1/2 MAPK activation plays a critical role in IL-13-induced inflammation and alveolar remodeling.
In accord with the importance of IL-13 in inflammation and disease, many studies have sought to define the mechanisms of IL-13-induced tissue alterations. These studies have demonstrated that the effects of IL-13 are mediated to a great extent by its ability to regulate a number of downstream genes and effector pathways (6, 26, (28) (29) (30) . Prominent in this regard are studies from our laboratory that demonstrate that IL-13 is a powerful stimulator of macrophage and epithelial chemokines and that chemokine signaling via CC chemokine receptor 2 (CCR2) and CCR1 is required for optimal IL-13-induced inflammation and remodeling (6, 26) . Given that we found significant ERK1/2 activation in IL-13 Tg mice, studies were undertaken to define the role(s) of this activation in IL-13-induced inflammation. These studies demonstrate that chemical (PD) and genetic approaches preventing ERK1/2 activation diminish IL-13-induced tissue inflammation. They also provide insight into potential mechanisms of these inflammatory alterations by demonstrating that ERK1/2 activation plays an essential role in IL-13 stimulation of MIP-1a/CCL-3, MIP-1b/CCL-4, and MIP-2/CXCL-1. Interestingly, these effects were chemokine-specific because eotaxin/CCL-11, C10/CCL-6, and MCP-1/CCL-2 were not altered by these interventions.
As noted above, our studies demonstrate that ERK1/2-based interventions decrease tissue and BAL-fluid eosinophilia without altering IL-13 stimulation of eotaxin/CCL-11. This is surprising in light of the well-known ability of eotaxin/CCL-11 to recruit and activate eosinophils (31) (32) (33) . However, studies from our laboratory and others have demonstrated that IL-13-induced eosinophilia and eotaxin/CCL-11 production can be dissociated. In our experiments, the neutralization of C10/CCL6 and the genetic ablation of its putative receptor, CCR1, both diminished IL-13-induced BALfluid and tissue eosinophilia without altering eotaxin/CCL-11 induction (26) . Similarly, Yang et al. demonstrated that IL-13 induces eosinophilia via a mechanism that is independent of eotaxin/CCL-11 and IL-5 (13) . In evaluating these findings, it is important to appreciate that eosinophil chemotaxis is also regulated by chemokines such as MIP-1a/CCL-3, MIP-1b/CCL-4, and RANTES/CCL-5 (34, 35) . In accord with these observations, our ERK1/2-based interventions diminished the production of all 3 of these moieties. When our studies and the literature are viewed in combination, it is clear that eotaxin/CCL-11 is induced by IL-13 via a mechanism that is largely ERK1/2, C10/CCL6, and CCR1 independent. They also demonstrate that chemokines other than eotaxin/CCL-11 are required for maximal IL-13-induced BAL-fluid and tissue eosinophil responses.
Our studies demonstrate that chemical and genetic interventions blocking ERK1/2 MAPK activation ameliorate IL-13-induced alveolar remodeling. These effects could be caused by a decrease in IL-13 production or an alteration in IL-13 effector function(s). Our results suggest that effector mechanisms were altered because similar levels of IL-13 were found in BAL fluids from Tg + mice treated with PD or its vehicle control and Tg + mice in which dnMEK1 was or was not expressed. A variety of effector pathways might contribute to these findings, including the diminished production of important proteases or the enhanced production of antiproteases. Our studies demonstrate that the ERK1/2 MAPK pathway plays important roles in the regulation of each of these moieties. Specifically, ERK1/2 activation was required for optimal IL-13 stimulation of MMP-2, -9, -12, and -14, and cathepsin B and IL-13 inhibition of a1-AT. These are, to our knowledge, the first studies to demonstrate the importance of ERK1/2 or any MAPK in the pathogenesis of IL-13-induced tissue remodeling responses. We believe they are also the first to demonstrate that IL-13 stimulates MMPs and cathepsin B and inhibits a1-AT via ERK1/2 MAPK-dependent pathways. These findings have important implications for diseases in which IL-13 dysregulation, protease excess, and tissue destruction coexist. They have particularly intriguing implications for pulmonary emphysema since cigarette smoke exposure has been shown to induce IL-13 elaboration in the murine lung (36) , polymorphisms in IL-13 have been associated with emphysema (37) , and mice exposed to cigarette smoke as well as lung tissues from patients with emphysema exhibit increased levels of ERK1/2 MAPK activation (38) .
To define the role(s) of ERK1/2 MAPK in the pathogenesis of IL-13-induced tissue responses, we initially used the MEK1 inhibitor PD and its corresponding vehicle control. Because the specificity of pharmacologic inhibitors can always be questioned, we also used genetic approaches to address this issue. To accomplish this, we generated IL-13 Tg + mice that expressed and did not express Figure 3 , mice that expressed this MEK1 inactivating construct were unable to activate downstream ERK1/2 MAPK in our modeling system. Importantly, identical results were noted with the chemical and genetic approaches. Specifically, both interventions decreased IL-13-induced inflammation, alveolar remodeling, MIP-1a/CCL-3, MIP-1b/CCL-4, RANTES/CCL-5, and MIP-2/CXCL-1 production, and MMP-2, -9, -12, and -14 and cathepsin B mRNA accumulation while increasing a1-AT expression. These mutually supportive studies demonstrate that ERK1/2 MAPK plays critical roles in these responses. Since the dnMEK1 construct is selectively targeted to the epithelial cells in our Tg mice, these studies also suggest that ERK1/2 signaling in lung epithelia is particularly crucial in these responses.
dnMEK1. As shown in
It is important to point out that in most cases, ERK1/2 inhibition decreased but did not totally reverse IL-13-induced tissue and molecular alterations. Given that we show virtually complete ERK1/2 inactivation with PD or dnMEK1 (see Figure 3) , we conclude that there are aspects of the IL-13 phenotype that are mediated, at least in part, by alternative signaling pathways. Previous studies from our laboratory and our associates demonstrated that STAT6 also plays an important role in the pathogenesis of selected IL-13-induced tissue events (7, 14) . As a result, studies were undertaken to compare the relative contributions of ERK1/2 and STAT6 signaling in the tissue and regulatory effects of IL-13. These studies highlight complex relationships between ERK1/2 and STAT6 in the genesis of these responses. This can be easily seen in IL-13-induced inflammation where ERK1/2 and STAT6 play similar roles in tissue and BAL-fluid eosinophilia but only STAT6 contributes to lymphocyte and neutrophil accumulation. In accord with this finding, IL-13 stimulated pulmonary chemokines via pathways that were equally dependent on ERK1/2 and STAT6, largely dependent on STAT6 and largely dependent on ERK1/2. Similarly, both the ERK1/2 and STAT6 pathways contributed to IL-13-induced alveolar remodeling, with each pathway contributing in specific ways to the regulation of the proteases and antiproteases that mediate these responses. In contrast, STAT6 was the dominant pathway, and ERK1/2 played a minimal role in the pathogenesis of IL-13-induced mucus metaplasia. STAT6 was not, however, the only signaling pathway involved in these responses because null mutations of this gene did not completely abolish IL-13-induced goblet cell hyperplasia or Muc-5ac and Gob-5 expression. These are, to our knowledge, the first studies to appreciate the importance of ERK1/2 MAPK pathways in the pathogenesis of the in vivo effects of IL-13. We believe they are also the first to define the effector repertoires of the ERK1/2 and STAT6 pathways in this setting. Collectively, they demonstrate that the ERK1/2 and STAT6 pathways play similar and dissimilar roles in the pathogenesis of the tissue and molecular effects of IL-13. These observations provide a clear rationale for the use of ERK1/2 MAPK pathway inhibitors, alone or in combination with STAT6 inhibitors, in the treatment of IL-13-induced disorders.
In summary, our studies demonstrate that IL-13 is a potent activator of ERK1/2 MAPK and that this activation takes place even in the absence of STAT6. They also demonstrate that ERK1/2 MAPK activation plays a critical role(s) in the pathogenesis of IL-13-induced inflammation and alveolar remodeling and that the effects of this activation can be similar to and different from those mediated by STAT6. Lastly, they provide mechanistic insights by demonstrating that ERK1/2 MAPK activation is required for optimal IL-13 stimulation of chemokines (MIP-1a/CCL-3, MIP-1b/CCL-4, MIP-2/CXCL-1, and RANTES/CCL-5) and proteases (MMP-2, -9, -12, and -14 and cathepsin B) and IL-13 inhibition of a1-AT. Exaggerated IL-13 production has been implicated in the pathogenesis of a wide variety of disorders, including asthma, chronic obstructive pulmonary disease, pulmonary fibrosis, scleroderma, hepatic fibrosis, and nodular sclerosing Hodgkin disease. The present studies suggest that the effects of IL-13 in these disorders may be beneficially controlled via interventions that control and/or prevent the activation of ERK1/2 MAPK. This establishes the ERK1/2 MAPK pathway as a worthwhile site for future investigation designed to identify therapeutic agents that can be used to treat these and other IL-13-mediated disorders.
Methods
Tg and genetically modified mice. CC10-rtTA-IL-13 Tg + and Tg -littermate mice generated in our laboratory were used (4). These are dual Tg + animals on a C57Bl/6 background in which rtTA drives the expression of the murine IL-13 gene in a lung-specific and externally regulatable fashion. The Tg is activated by adding dox to the animals' drinking water. The details of both genetic constructs, the methods of microinjection and genotype evaluation, Tg inducibility, and the emphysematous and inflammatory phenotype of CC10-rtTA-IL-13 mice have been described previously (4) . CC10-dnMEK1 Tg mice were generated using a dnMEK1 sequence in which serines 218 and 222 had been mutated to valines (39) . Eliminating these critical activation loop phosphorylation sites inhibits activation of dnMEK1 by upstream kinases. Lungs, hearts, and livers from Tg-positive founders were screened by RT-PCR to confirm expression of the dnMEK1 Tg selectively in lung (see below for details of the dnMEK1 primer sequences). The dnMEK1 sequence was flanked by a rat CC10 promoter at the 5′ end (kindly provided by Jeffrey Whitsett, Children's Hospital of Cincinnati, Cincinnati, Ohio, USA; ref. 40 ) and a human growth hormone polyadenylation sequence at the 3′ end. Mice were bred for 10 or more generations onto the C57BL6 background. CC10-rtTA-IL-13/dnMEK1 Tg mice were generated by breeding the IL-13 + mice with the dnMEK1 + mice. PCR was used to define the Tg status of all offspring using primers that detected rtTA and/or the junction region of murine IL-13-human growth hormone construct for IL-13 mice. For IL-13/dnMEK1 Tg detection, in addition to the primers for rtTA and the IL-13-human growth hormone region, we used the following primers: sense, 5′-TCGGGAGAAGCACAAGAT-3′; antisense, 5′-GAGCTGTTT-GTTTTTCTCTCTCC-3′.
IL-13 + mice with wild-type (+/+) or null (-/-) STAT6 loci were generated by breeding the CC10-rtTA-IL-13 or constitutive CC10-IL-13 mice (5) with STAT6-null mutant (STAT6 -/-) mice (Jackson Laboratory). Except for experiments shown in Figure 2A , the inducible CC10-rtTA-IL-13 mice were used for these studies. The mice that were used in these experiments were bred for at least 10 generations onto a pure C57Bl/6 background. All experiments were approved by the Institutional Animal Care and Use Committee of Yale University.
Dox water administration. In experiments performed with CC10-rtTA-IL-13
Tg + mice and their littermate controls, all mice were maintained on normal water until they were 4-6 weeks old. They were then randomized to receive either normal water or water with dox for the duration of the experiment. Dox was administered at 500 mg/l in 4% sucrose and kept in dark bottles to prevent light-induced degradation.
Administration of PD. The MEK1 inhibitor PD (5 mg/kg body wt/d) (EMD Biosciences) was administered to IL-13 Tg mice and wild-type littermates by intraperitoneal injection. PD administration started 1 day prior to administration of dox water and was repeated daily.
Lung volume, histologic evaluation, and morphometric analysis. Lung volume was assessed as previously described (4) . In brief, mice were anesthetized, the trachea was cannulated, and the lungs were removed and inflated with PBS at 25 cm H2O. The size of the lung was evaluated by volume displacement. H&E or PAS with diastase staining was performed after pressure fixation with Streck solution (Streck) in the Research Pathology Laboratory at Yale University. Alveolar size was estimated from the mean chord length of the airspace as previously described by our laboratory (4) .
Immunohistochemistry. Formalin-fixed, paraffin-embedded lung tissue sections were deparafinized with xylene, rehydrated gradually with graded alcohol solutions (100%, 95%, and 80%), and then washed with deionized water. For antigen unmasking, sections were incubated with 0.1% trypsin for 10 minutes followed by incubation with 3% H2O2 in methanol for 10 minutes to block endogenous peroxidase activity. Sections were then incubated with a 1:4000 dilution of rabbit anti-MBP antibody (gift from J. Lee, Mayo Clinic, Scottsdale, Arizona, USA) for 1 hour at 37°C. After 3 PBS washes, sections were incubated with antirabbit-HRP antibody (ImmunoVision Technologies Co.) at 37°C for 30 minutes. Diaminobenzidine substrate (DakoCytomation) was applied as the chromogen, resulting in a brown reaction product, and the sections were counterstained with Mayer's hematoxylin. PBS was used instead of the primary antibody as negative control for nonspecific binding. Western blot analysis. Lung protein analyses were performed as previously described with minor modifications (41) . Whole-lung lysates were homogenized in 62.5 mM Tris buffer, and the protein concentrations of the lysates were determined by BCA Protein Assay (Pierce Biotechnology Inc.). Samples were electrophoresed in a 12% ready-made Tris-HCl gel (Bio-Rad) and electrophoretically transferred onto a nitrocellulose membrane. The membranes were then incubated overnight with rabbit antiphospho-p38, phospho-ERK, phospho-JNK, phospho-STAT6 (Tyr651), total p38, total ERK, total JNK, total STAT6, or b-tubulin polyclonal antibody (1:1,000 dilution; Cell Signaling Technology). The membranes were incubated with HRP-conjugated goat anti-rabbit IgG antibody followed by the detection of signal with a chemiluminescence LumiGLO detection kit (Cell Signaling Technology).
Quantification of IL-13 and IL-13-regulated chemokines. The levels of IL-13, MIP-1a/CCL-3, MIP-1b/CCL-4, MIP-2, eotaxin, MCP-1/CCL-2, and RANTES/CCL-5 in BAL fluids were quantitated using commercial ELISA kits (R&D Systems) according to the manufacturer's instructions as described previously (6) .
Quantification of mucin secretion. The secretion of mucin protein into BAL fluids was evaluated by quantifying the levels of Muc-5ac in BAL fluids using slot blots and immunostaining, as previously described (42) . Briefly, equal volumes of BAL fluids from mice were loaded onto a nitrocellulose membrane within the slot blot device. The membrane was incubated overnight with mouse anti-Muc-5ac antibody (1:500 dilution; Lab Vision Corp.). The membranes were then incubated with HRP-conjugated goat anti-mouse IgG antibody followed by luminol reagent (Santa Cruz Biotechnology Inc.).
mRNA analysis. mRNA levels were evaluated with RT-PCR evaluations using whole lung RNA and primers as previously described (4) . Amplified PCR products were detected using ethidium bromide gel electrophoresis.
In selected experiments, real-time RT-PCR was used. These evaluations were performed using a QuantiTect SYBR Green RT-PCR kit (QIAGEN) according to the instructions provided by the manufacturer. In these evaluations, reactions were made by a combination of 12.5 µl SYBR RT-PCR Master Mix (QIAGEN), 0.25 µl QuantiTect RT Mix (QIAGEN), 1 µl upstream primer, 1 µl downstream primer, 8.75 µl RNase-free water, and 1.5 µl (200 ng/µl) RNA template. A negative control containing no RNA template was introduced in each run. Mouse b-actin gene was amplified as an internal control. RT-PCR was performed using ABI sequence Detection System (Applied Biosystems), in which the mixture was heated to 50°C for 30 minutes for reverse transcription and 95°C for 15 minutes, then cycled 40 times at 94°C for 15 seconds, 60°C for 30 seconds, and 72°C for 30 seconds. The relative quantification values for MMP-12 (5′-CATTTCGCCTCTCTGCTGATG-3′ and 5′-TTGAT-GGTGGACTGCTAGGTTTT-3′), cathepsin B (5′-GCAGGACTTC-C AAAAGAACGA -3′ and 5′ -GACGAATGCCTGCC AC AAG-3′ ), cathepsin S (5′-GAGACCCTACCCTGGACTACCA-3′) and b-actin ( 5 ′ -G T G G G C C G C T C T A G G C A C C A -3 ′ a n d 5 ′ -T G G C C T -TAGGGTTCAGGGGG-3′) gene expression were calculated from the accurate threshold cycle (CT), which is the PCR cycle at which an increase in reporter fluorescence from SYBR green dye can first be detected above a baseline signal. The CT values for b-actin were subtracted from the CT values for MMP-12, cathepsin B, and cathepsin S in each well to calculate ∆CT. The triplicate ∆CT values for each sample were averaged. To calculate the fold induction of MMP-12, cathepsin B, and cathepsin S mRNA over controls (∆∆CT), the average ∆CT values calculated for control animals were subtracted from ∆CT values calculated for IL-13 Tg mice treated with PD, IL-13 Tg mice treated with dnMEK1, or STAT6 -/-animals. Then the fold induction for each well was calculated by using 2 -(∆∆CT) formula. The fold induction values for triplicate wells were averaged, and data were presented as the mean ± SEM of triplicate wells.
Statistics. Data are expressed as mean ± SEM and were analyzed by 2-tailed Student's t test. Significance was accepted at P < 0.05.
Figure 11
Role of STAT6 in IL-13 regulation of proteases and antiproteases. IL-13 (-) and CC10-rtTA-IL-13 Tg (+) mice with wild-type or null STAT6 loci were generated. Protease and antiprotease mRNA levels were assessed using RT-PCR (A) and real-time RT-PCR (B). b-actin mRNA expression was used as a loading control. Data are expressed as mean ± SEM and represent n = 4-5 for each group. *P < 0.05 compared with IL-13 + /STAT6 +/+ mice.
